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Please note the following corrections to JPL Publication 80-37, A Survey
of Load Methodologies for Shuttle Orbiter Payloads, by J.C. Chen, J.A.
Garba, M. Salama, and M. Trubert, dated June 15, 1980:

] Page 63, Eq. 1V-53 should read as:
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Page 63, Eq. IV-54. The last line of the equation should be:
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ABSTRACT

Loads methods currently being used to design Shuttle.Orbiter payloads are
summarized. Methods used for the design of payloads launched by expendable
launch vehicles are described in historical perspective., Experiences gained
from expendable launch vehicle payloads are used to develop methodologies for
the Space Shuttle Orbiter payloads. The objectives for the development of a
new methiodology for the Shuttle payloads are to reduce the cost and schedule
for the payload load analysis by decoupling the payload analysis from the
launch vehicle to the maximum extent possible. Methods are described for
payload member load estimation or obtaining upper bounds for dynamic loads, as

well as load prediction or calculating actual transient member load time.
histories.
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I. INTRODUCTION

The advent of the space shuttle as the major transportation system for

U.S. space operations in the 1980's and beyond has renewed the interest in
| developing improved methods for payload dynamic load prediction.
Q Consistent with the objective of the space shuttle system to achieve a Tow
E cost launch capability, cost-effective methods for obtaining payload
design loads are being sought. To achieve these objectives, the Dynamic,
? Acoustic, and Thermal Environments (DATE) program has been formed by the
NASA Office of Aeronautics and Space Technology (OAST). The DATE working
group consists of representatives from NASA centers interested in
] structures technology and is chaired by the Goddard Space F1light Center
L (GSFC). The goals of DATE are the development and validation of improved
technology for the prediction of dynamic, acoustic, and thermal
environments and the associated payload responses in cargo areas of large
reusable vehicles. To achieve this, extensive research-oriented 3
environmental measurements on early shutiie flights are to be made. These
data will then serve as the basis for developing better load prediction
methods which are to be confirmed and refined as additional flight data
become available, Ultimately these data will lead to improved spacecraft
structural design criteria and test criteria (11,023 e
This report summarizes the loads methods for the Shuttle Orbiter payloads
which are now being prcposed for future usage by the payload community.
A historic background of payload design methodology for expendable {
boosters is included for completeness. While this summary emphasizes the
experiences at the Jet Propulsion Laboratory (JpPL), it is representative
of aerospace practice over the last 20 years. In the context of loads
analysis, the term "spacecraft" is frequently used n this report to mean
the payload structure carried by the launch vehicle or expendable booster.

Extensive experience has been gained in the past at JPL in the structural
design of such spacecraft as Ranger, Mariner, Surveyor, Viking, and
Voyager. A1l thase were launched using expendable boosters.




The Galileo spacecraft currently being developed at JPL is the first
interplanetary spacecraft to be launched using the Space Transportation
System (STS). Over the years spacecraft structures have been designed to
various criteria. In the early days of the space program the structure
was typically designed to survive a sine vibration test at input levels
prescribed by the environmental requirements engineers, Later as
computers and finite element methods became prevalent, structures were
designed to survive an analytically predicted flight load. Lately methods
were developed at JPL to calculate the expected upper bounds of the member
Toads.

Since it is anticipated that ultimately the STS is to be used much like a
cargo airplane, such that only minimal or no system preflight loads
analysis will be required for high reliability missions, it is important
to dev.top several tools for loads predictions. The methodology to be
used for a particular payload will be determined by the size, complexity,
and cost of the payload, and thus by the degree of dynamic interaction
with the STS. The degree of dynamic interaction between the payload and
the launch vehicle is much more important for a reusable launch vehicle
due to the emergency landing loads, a condition wherein the
spacecraft-to-launch vehicle weight ratio is higher than for typical
launch events of expendable boosters.

A classification of STS payloads as to cost, size, and criticality as
related to the detail of predicted analysis levels is given in Table I-1.

The purpose of this report is to summarize the STS Toads methodology
currently being used by the payload community and the methods under
development to simplify the STS loads prediction. Wherever possible, the
proposed methodology will be evaluated using actucl design loads obtained
for the Galileo (GLL) and the International Solar Polar Mission (ISPM)
spacecrafts.

This summary is intended as a first step in the development of loads
methodology as part of DATE, and will be updated as more experience is

| [



Table I-1. Classiflication of 8TS Payloads
Category 1T Category TL Category T11

Cost Low cost, Moderate cost, some Highly expensive, large
detailed loads analysis cost penalty for
transient anal-  justifiable, structural failure,
ysis too severe detalled loads analysis
a cost penalty. justified.

Size Small/light, no Some impedance Large payload/orbiter
significant effects at orbiter dynamic interactions,
effect on interface in low~ may effect orbiter/
orbiter, can frequency range. external tank dynamics
afford wt. at launch.
penalty.

Criticality No critical Some duplication of Critical launch win-

launch window,
can be )

payloads, con-
straints on launch

dows, no retrieve/
repair capability,

retrieved/ windows, minimal single backup
repaired, repairability spacecraft.,
numerous
launches.

EXAMPLES
Communication High energy/ Planetary missions,

satellites,
small science
payloads, earth
resources, wea-
ther satellites.

synchronous, DOD
payloads, manned
orbital lab., large
space telescope.

comet rendezvous,
out-of-ecliptic.




I M P

b

gained in applying these methods and comparing the results to flight
data. This report is mainly concerned with the method of obtaining loads;
howevar, the modelling techniques, analysis/test correlation of the
mathematical and test philosophy will be discussed to the extent that they

relate to loads methods.
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EARLY LOADS METHODOLOGY FOR EXPENDABLE BOOSTERS

The structural analysis and design engineer has been searching for a
systematic method to obtain dynamic loads data since the design of
Explorer I in 1957, long before spacecraft structural design criteria and
spacecraft environmental requirements were formalized. At that time,
spacecraft designers lacked the experience and technology of the aircraft
industry both in the area of loads prediction and dynamic testing. Thus,
the first Explorer was conservatively designed by a combination of
engineering judgement and requirements to de-couple the spin-frequency
from structural frequencies. Structural modeling for the Explorer
satellite was limited to simple back-of-the-envelope type of
calculations. The vibration test requirements were derived from existing
military specifications for the Sergeant and Corporal Missiles.

As the lunar and interplanetary spacecraft became larger and more complex,
the design for a dynamic environment became more important.

A. Tre Ranger Lunar Spacecraft

Ranger was the first JPL project for which an attempt was made to
design a spacecraft for a dynamic environment. The Ranger spacecraft
weighed approximately 340 kg (750 1bs) and were launched_using the
Atlas/Agena Space Vehicle.

1. Structural Design Criterion

Although the fundamentals of the dynamics of space vehicle
systems were understood at the commencement of the Ranger
project, they were not documented until much later [3]. Since
there was a lack of flight data, the structural design
philosophy for Ranger was basically governed by an environmental
specification for a system vibration test. An implied design
goal was a minimum freguency criterion for the cantilevered

- iy
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spacecraft which was negotiated with the launch vehicle
contractor,

Dynamic Analyses

Since the computer tools were limited at the time Ranger was
designed, only a limited amount of static and dynamic analyses
were performed, The modeling was limited to a finite element
répresentation using truss and beam elements (4].
analyses consisted of estimating load factors for v

and then solving an equivalent static problem.
analysis

The dynamic
arious masses
Thus the dynamic

relied heavily on engineering Judgement, and was mainly
aimed at successfully passing the vibration test.

Structural Testing

Structural testing on Ranger consisted of developmental testing
and qualification testing.

a. Developmental Testing

Extensive modal testing using multiple shakers was
performed on the Ranger spacecraft. The data obtained in
these tests consisted of frequencies, mode shapes, modal
damping and a Timited number of force coefficients.

Although data obtained in these early modal tests were not

used to correlate with analysis, these data proved very

valuable in re-evaluating design load factors and assessing
the dynamic responses expected during qualification
testing. On later Ranger spacecraft, the modal data was
used to redesign the spacecraft to avoid coupling with
space vehicle modes. The Ranger modal data proved very

useful for the Surveyor spacecraft as will be discussed
later,




B.

bo Qualification Testing

The quatification test requirements for the early Ranger
spacecraft prescribed a throe axis system vibration test to
a level defined by the project environmental requirements,
The input frequency spectrum was flat. This resulted in
over testing and required some redesiagn at the cost of
structural weight, Later in the project, a limitation on
the vibration input levels bhased on the structural
capability of the Agena adapter was implemented. The
Justification was not to test the spacecraft to levels
higher than what tho support structure could react, thus
ensuring that in flight the launch vehicle support
structure would fail before the spacecraft would,

4.  Flight Instrumentation

Flight instrumentation on the Ranger program was minimal sad was

mainly aimed at defining a torsional pulse which had bodn
observed in flights of Atlas vehicles- at the time of Booster
Engine Cutoff (BECO). Two accelerometers were flown on later
Ranger spacecraft to define this pulse, These flight
measwrements did little to affect the design of the Ranger
spacecraft other than to provide frequency information, but

proved to be very valuable for the Survey.r program,

The Surveyor Lunar Spacecraft

Surveyor was the first JpL project in which a limited attempt was
made to use loads analysis methods to either design the structure
(51, (6] or define the qualification testing {7]. The Surveyor
Spacecraft weiqghed approximately 280 kg (620 1bs) and was launched
using the Atlas/Centaur Space Vehicle,




1. Structural Design Criteria

The Surveyor structural design requirements were dominated by
the expected 3o lunar landing loads. The launch Toads were
generally expected to be lower. For the Jaunch condition the
structure was basically designed to survive a sinusoidal
vibration test, the input level of which was intended to
envelope the expected launch acceleration. A frequency
criterion was not imposed on the spacecraft design.

2. Dynamic Analyses

Analytical tools for structural design were becoming readily
available at the time the Surveyor analysis was performed. Not
only were the finite element capabilities increasing {81, but
also the computer core availability allowed the solution of
larger structural problems.

Dynamic landing simulations were performed for the purpose of
assessing landing stability [9], (1], [11] and landing Toads
[12]. The landing analyses assumed a rigid spacecraft body
using an elastic simulation of the non-linear landing
structure. The equations of motion were integrated using a
fourth order Runge-Kutta procedure., To ohtain spacecraft
landing loads, the interface forces between the landing struts
and the spacecraft calculated in a landing simulation were
applied to the elastic spacecraft, simulated by experimentally
determined normal modes. This procedure was not entirely
consistent because the stability simulation program did not
account for elastic responses of the spacecraft. However, in
this simulation an approximation with deviations generally in
the conservative direction was expected. Several redesigns,
especially in the antenna solar panel positioner, were performed
based on the results of the landing 1oad investigation.

o~
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For the simulation of launch loads, a limited amount. of analysis
was porformed usina forcing functions estimated from flight data
measured during the Atlas/Aacna/Ranger boost phase, These
analvses were limited to estimates of spacecraft response to a
torsional forcing function since that was the only flight data
available [6]. Similar types of analyses using the same flight
data were later performed for the GSFC Orbiting Geophysical
Obsurvatory (0GO-E) Spacecraft [13] and the Orbiting
Astronomical Observatory (0AD A-?) Spacecraft (14].

Structural Testing

Two types of structural testing for the Surveyor Spacecraft were
performed:  developmental testing and qualification testing.

a. Developmental Testing

Extensive modal testing with multiple shakers was performed
both by the Hughes Aircraft Company (HAC) and by JPL. The
data obtained in these tests were nsed both for modal
correlation and for obtaining dynamic data used divectly in
the landing loads analysis [ 12]. The modal test results
for the boost configuration were used directly in the
torsion launch load analysis([ 6], [A]).  Structwal transfer
functions were mecasured tor the purpose of assessing fliaght

stability during the terminal descent phase [ 151..

b, Qualification Testing

Qualification testing was conducted for the landing loads
and the launch loads. For the landing loads a prototype
spacecratt with all components in flight-Tike configuration
and operation, including the telemetry link, was
type-approval tested tor tanding in three drop tests.  This

was done in order to establish contidence in structural and
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functional survival of the Spacecraft when subjected to the
dynamic landing environment,

For the launch environment a sinusoidal vibration test on
the system level was performed, allowing the input levels
to be suppressed or “notched" at frequencies where the
response of certain components such as the solar panel

positioner exceeded the design loads as determined from a
Tanding loads analysis.,

The lack of simulation of the boundary conditions during a
sinusoidal vibration test was recognized during both the
Ranger and Surveyor Spacecraft [16]. It was shown
analytically that severe over- or undertesting can occur.
A rocking test table allowing the proper truncation and
rotation inputs was proposed. This mode of testing was,
however, never implemented due to cost and complexity.

4. Flight Instrumentation

Flight instrumentation on the Surveyor Spacecraft was limited to
strain gauges on the landing gear to measure Tanding forces,
Data obtained from these measurements compared favorably to
analytical predictions [11]. There was no flight

instrumentation flown to measure spacecraft responses during the
boost phase,

C. The Mariner Interplanetary Spacecraft

The Mariner Spacecraft series was the first JPL project for which
in-house loads analyses were performed for some of those flight
events for which flight data was available, The Mariner spacecraft
ranged in weight from 245 kg (540-1bs) to.980 kg (2150 bs)

and were
launched atop the Atlas/Centaur Space Vehicle,
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1. Structura] Design Criterion

from load analysis,
2. Dynamic Analyses

The development of the moda
advancement which was explo
This method allowed subsyst
verified Seéparately and the

1 synthesis method [17], (18] was an
ited during the Mariner project.

ems to be analyzed, tested, and

N combined into 4 system dynamic
nalysis or test simulation studies,

Interpretive System (SAMIS)

and modal synthesis was used [19],
£201.

thicle systenm, The flight data
consisted of Six acceleration time histories measured at the
The spacecraft/]aunch vehicle interface

1y determinate, thus the linear

base of the Spacecraft,

Spacecraft, Furthermore,
Taunch vehicle forcing functi

the Taunch vehicle and that this
vector was invariant with payload, For any complex structura)

system the relationship between the acceleration response and
the forcinq.ﬂunction in the frequency domain can be written as




, A(w) = H(w) F(w) (I1-1)
where A(w) is the Fourier transform of the response acceleration !
F(w) is the Fourier transform of the forcing function

H{w) is the complex structural transfer function for the
space vehicle, and

wis the circular frequency, rad/sec.

It is easily seen that if A(w) is obtained from a previous

flight and the transfer functions for the previous and the new :
space vehicle are HO(w) and HN(w), respectively, the new
spacecraft response A(w) can be calculated from

Ay(@) = Hy(w) o)™ A (w) (11-2)
assuming that F(w) is invariant,

The above method was used to estimate Mariner loads from
previously flown spacecraft, both Mariner and others., It should
be noted that while the method is mathematically exact there are
several practical limitations., The accuracy of this method
depends on obtaining phase coherent data with a minimum of

telemetry noise, Furthermore, the method is inherently
sensitive to the fidelity of the structural model. A difference
of computed modal properties with the observed frequency
response will cause a spurious response in the inverse process
of Eq. (1I-2).

i e e . — ————— e A i d——r - e saa e o B,

The frequency domain approach was used in the Mariner Program
both on the digital and analog computer. In addition to flight
load estimation, this technique was also used for determining
the shaker armature overturning moment during the low frequency
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Tongitudinal vibration test and for determining the control
requirements during the forced vibration test,

Structural Testing

On Mariner, several unique development tests were conducted in
addition to the qualification vibration test.

a.

Developmental Testing

Frequencies, mode shapes and damping Characteristics for
the cantilevered Mariner Spacecraft were determined using
multiple shaker sine dwell tests. The modal data were used
for analytical model correlation. These test data were
also used directly in the dynamic analyses. The modal
survey showed that the propellant played a very important
role in the proper representation of the dynamic mode].
Hence special dynamic testing using a single tank was
performed [24]. The objective of this testing was to study
the dynamic behavior of the fluid, specifically the
effective weight and the damping.

Qualification Testing

The major structural elements of the Mariner Spacecraft
were qualified by a static test using strain gauged
members. The static loading conditions were determined
from a combination of predicted flight loads and expected
loads during the qualification vibration tests. Forced
vibration testing was performed on the Mariner Spacecraft
system to levels specified by the environmental requirement
group. The input levels were suppressed in order not *»
exceed design levels for primary structure.

e cam o i ol e
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Flight Tnstrumentation

Several of the Mariner Spacecraft were instrumented at the
spacecraft/launch vehicle interface. The instrumentation
consisted. of six (6) linear accelerometers placed on the
adapter, such that the equivalent translational and rotational
accelerations at the base of the spacecraft could be calculated
assuming a rigid interface. These flight data proved extreme.y
valuable and cost effective in the estimation of launch loads
and test criteria for subsequent Mariner Spacecraft.
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I11. SPACE VEHICLF SYSTEM TRANSIENT LOADS ANALYSES
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Space vehicle system transient Joad analysis is defined as a process
wherain a detailed model of the space vehicle system, a coupled dynamic
model of spacecraft and launch vehicle is analytically excited by a set of
transient forcing functions to obtain spacecraft loads, The output of
such analyses includes detailed member loads which are used directly for
the design, and/or acceleration of masses from which member loads can be
derived. These analytically determined spacecraft structural loads are
used as the basis for the structural design and qualification. This
approach was used for the Viking Orbiter System (VOS) which was part of
the Viking project managed by the Viking Project Office (VPO) at Langley
Research Center (LaRC) for NASA.

The project decision to rely almost exclusively on analysis for spacecraft
design was a clear technological advancement in spacecraft structural
design philosophy, and was an indication that the quality of analytical
tools and the understanding of launch vehicle system dynamics had reached
appreciable maturity, Further advances in computer technology, the
development of versatile finite element programs such as NASTRAN [ 251, new
metnods for analyzing large dynamic systems [26], and dedicated anaiytica,
tools for booster analyses made a reliance on analysis possible. The
approach selected for Viking was based upon the following considerations:
(1) requirement for a lightweight structure, (2) high reliability for two
Viking missions, (3) a new, not previously flown launch vehicle system.
and (4) availability of launch vehicle engine forcing function data rrom
pravious Titan and Centaur flights. The Viking orbiter design_experience
proved extremely valuable both from a technical and organizational point
of view. Lessons learned from Viking were later used for developing
simplified and more efficient methods for loads analysis. The Viking
design process has been well documented (273, (281, [ 291, [30]. The
Viking experience will be summarized here emphasizing analytical and fest
methods used.
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Viking Orbiter Structural Design Criteria

Primary Structure

Any structural element whose failure would result directly in an
overall spacecraft structural failure was classified as primary
structure. Early in the program specific hardware items were
established to be designed by transient loads analysis.
Engineering judgement was used to select hardware with design
loads in the low-frequency (0 to 30 Hz) range. Design loads for
the primary structure were obtained from space vehicle system
loads analyses not verified by test. Flight load predictions
were obtained using mathematical models verified by a test
program. The qualification test levels for primary structure
were based on predicted flight loads. Wherever statistical

information was available the design and flight loads at the 3¢
Tevel were used,

Secondary Structure

A1l other structural parts whose loading was governed by the
middle or high frequency range were designated as secondary

structure. Secondary structure was designed to specified test
Tevels,

Viking Orbiter Dynamic Analyses

As indicated in Figs, III-1 and ITI-2, upward of nine organizations
were responsible on the Viking project for hardware or integration
functions which directly affected the evaluation of dynamic transient
loads. The significant forcing functions anticipated during the
flight are illustrated in Figures I1I-3 and III-4, Table III-1 shows
the number of forcing functions or conditions for which the space
vehicle system had to be designed, A major analytical effort was
expended on Viking to obtain design and flight loads both by the

- Wil
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Table ITT-1,

Fvents for VOS Load Analysis

No. of forcing
functions

Events or conditions

Ground conditions 6 '
Stage 0 ignition 21

Airloads 5

Stage 0 max acceleration 1

Stage I ignition 12 .
SRM separation 1 :
Stage I burnout 29

Stage II ignition 3

Stage II burnout 19 :
Centaur main engine start I (MES I) 1 ~‘!
Centaur main engine cutoff I (MECO I) 1 |
Centaur main engine start II 1

Centaur main engine cutoff II (MECO II) 1

s
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launch vehicle contractors, Martin Marietta Aerospace (MMA), General
Dynamics Convair (GDC), and by JPL. The main load analysis cycles
were performed by MMA, JPL performed simplified in-house loads
cycles to support certain orbiter agesign activities using the output
from the space vehicle system analysis. It was recognized on Viking
from the beginning that the loads analysis process is .n iterative
one and that as a result the design loads and hence the structural
design would be changing between iterations.

1. Dynamic Models

Dynamic modeling for Viking orbiter made extensive use of modal
synthesis and substructuring techniques (17}, [20], [31]. The
Guyan reduction technique [[32 ] was used extensively to obtain
reduced mass and stiffness matrices. Modal truncation was
performed based on frequency and component effective mass [33],
[34]. Using this technique orbiter subsystems having originally
up to 4000 static dearees of freedom each were reduced to
approximately 300 dynamic degrees of freedom on the orbiter
system Tevel. A total of seven (7) subsystems constituted the
Orbiter dynamic model [29]. Throughout the dynamic modeling the
most important parameter was the Load Transformation Matrix
(LTM). A typical Viking orbiter dynamic model required 450 load
transformations, Dynamic models were generated in support of
the Toads analysis cycles as well as for various subsystcm and
system test configurations.

2. Loads Analysis Cycles

Load analyses were performed by MMA and GDC, the launch vehicle
contractors. Some additional analyses were performed at JPL
using the output from the system loads analyses,
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System Loads Analyses

There were five (5) major loads cycles as shown in

Table [11-2. The data flow for these cycles is shown in
Figure I1[-5. Modal coupling techniques were used for
combining the spacecraft and launch vehicle models.
Transient responses were obtained by integration in the
time domain., Mathematically the solution was
straightforward, since the models were linear except for
the Stage 0 event during which the system boundary
conditions changed from a cantilevered model including the
launch complex to a free-free model. Output from these
analyses consisted of maximum/minimum data for member
loads, accelerations and displacements .as well as time
history data for selected parameters such as interface
accelerations and generalized system coordinates. The
Jatter data were used to perform additional analyses at
JPL. Another exception to the linear transient response
solution was the calculation of the structural response due
to the transonic flight event. Member loads for this event
were calculated by adding gust, buffet and quasi-static
loading in a statistical manner accounting for

dispersions |35].

Simplified Spacecraft Loads Analyses

Simplified transient spacecraft loads analyses were
performed in-house at JPL to support Orbiter design
iterations. Experience with such analyses showed that when
the acceleration time history at the spacecraft/launch
vehicle interface was assumed invariant from the old to the
new spacecraft configuration, small changes in the
spacecraft model sometimes produced large and unrealistic
member loads. This was attributed to the impedance

mismatch at the spacecraft/launch vehicle interface. To
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Table

111=-2.  VOS Load Analysis

Approximate

Load date of VOS model
Cycle delivery Description
1 6/69 to 11/69 Analysis with a preliminary VOS configuration
to establish design loads
2 7/70 Analysis with a final VOS configuration to
update design loads
3 11/71 Analysis with a VOS model based on a firm
design prior to hardware fabrication to con-
firm design loads
4 7/73 Analysis of VOS model based on modal test
data to establish flight loads for structural
qualification tests
5 2/74 Analysis of Viking Dynamic Simulator to ver=
ify the load analysis. process
6 10/75 Analysis of the two-V-8/C flights to verify

the load analysis process
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Figure T1T1-5. Data flow for Viking load analyses

alleviate this problem, part of the launch vehicle was
included in the spacecraft model and the acceleration time
history at this interface, obtained from the previous
analysis was used. This seemed to give much more realistic
answers since the assumption of invariance of the
acceleration time history had more validity as the point of
application for the forcing function was further removed
from the changes of the model.

The technique of applying acceleration time histories from
a previous analysis to a new model to obtain approximate
member loads was called "mini-loads analysis."

Error Contributions to the Load Analyses
Since the models and the load analysis process were not perfect,

especially for obtaining the design loads which were calculated
from a model which had not heen verified by test, a factor of




safety, referred to as a Loads Analysis Factor (LAF) to account
for the uncertainties of Table III-3 was used. The value for
this factor was chosen as 1.3 based upon a qualitative
evaluation of very limited data comparing available flight data
with analytical predictions. The load analysis factor was
decreased during the program as the uncertainties of Table III-3
were diminished.

C. Structural Testing

As in all other JPL projects two types of structural testing were
performed on the Orbiter: developmental testing and qualification
testing. In addition the whole launch vehicle system was flight
tested using a Viking dynamic simulator as a payload.

1.

Developmental Testing

The objectives of developmental testing were aimed at the
improvement of the mathematical models used for ioads analyses.

a. Modal Tests

Extensive modal testing of all subsystems as well as the
Viking Orbiter System was performed using the Multi-Point
Sine (MPS) excitation technique. These tests yielded
frequencies, mode shades, and modal damping values as a
function of excitation levels [36]. The test results were
correlated with analysis [37], and modifications to the
analytical models were made.

b. Fluid Dynamic Tests
Since an appreciable fraction of the Viking spacecraft

consisted of liquid propellant, the dynamic behavior of the
fluid was a very important modelling consideration. Special
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Table 11I-3, Error Contributors to VOS Load Analysis

]

:

| Spacecraft mathematical model variation

Launch vehicle mathematical model variation

Centaur standard shroud mathematical model variation

Definition of the forcing functions

= i

Load analysis process ]
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fluid dynamic tests to determine the effective mass of the
fluid as a function of frequency of excitation and the
ullage condition were performed [38]. Analytical methods
for obta ning effective fluid mass data from modal tests
were derived [39].

Qualification Testing

Qualification testing consisted of a static test and a vibration
test.

a. Static Test
A1l primary structure was qualified by a static test [40].
b. Vibration Test

Secondary structure was qualified during a three axis
sinusoidal test [41] and an acoustic test. The input to
the sinusoidal test was limited so as not to exceed design
loads in the primary structure. A thorough analysis of the
test configuration was performed and excellent correlation
of the analytical predictions with test responses was
obtained [42].

Flight Testing

A Viking Dynamic Simulator (VDS) was used as & payload to test
the newly integrated Titan/Centaur launch vehicle system [43].
The objectives were to determine the accuracy of the Toads
analysis process and to verify the orbiter flight data
instrumentation plan [44]. Excellent transient flight load data
were obtained from the VDS program which was used to verify the
analytical predictions.
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Flight Instrumentation

Flight instrumentation played a very important role in the Viking
program. As discussed earlier the VDS flight measurements were used
to verify the loads analysis process. Flight instrumentation on the
Viking spacecraft consisted of strain gauges and accelerometers
[45]. ‘7hese data were used to assess the margins of safety of the
first Viking spacecraft before the second spacecraft was launched.
Such response measurements were also used 1o synthesize Taunch
vehicle forcing functions [46]. The flight measurements obtained
from VDS showed an appreciably higher loading than predicted by
analysis for the Stage 0 Ignition event. The VDS flight measurements
were used to re-evaluate the Stage 0 Ignition forcing function.

Summary of Experiences Gained From Viking

As discussed above the Viking spacecraft structural design was an
integrated effort both organizationally and analytically., As a
result, the Viking spacecraft structure was designed to loads which
were very close to those measured in f1light -[47], [48]. Appendix A
summarizes the comparison of flight measured data with predictions
for various events. This integrated loads analysis approach is
technically sound and produces a lightweight highly reliahble
structure. To achieve this several prerequisites have to be met.
In the technical area, reliable, verified launch vehicle models and
forcing functions have to be available. This implies a previously
flown launch vehicle system. On the management level this approach
requires a commitment both in manpower and resources and the
recognition that this is an iterative process.

The numerous organizational and technical interfaces inherent in the
space vehicle system transient loads analysis approach resulted in
appreciable elapsed time between the generation of a spacecraft model

and the availability of spacecraft lcads. The output of the various
load cycles did not always support the spacecraft design effort in a
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timely fashion. Furthermore, it was observed that some member loads
were sensitive to small design changes.

These experiences prompied the search for a new methodology to obtain
spacecraft member loads. The nbjectives were to simplify the loads
effort by decoupling the procedure as much as possible from the
launch vehicle system and to search for methods to determine an upper
bound for the loads. This seemed especially appropriate with the
advent of the Space Transportation System (STS), a new, and as yet
not flown reusable launch vehicle system for which the dynamic model

has not been confirmed and the forcing functions have not been
measured in flight.

The next few sections will summarize the methods being proposed.
Some of them are currently being used to obtain design loads for
payloads to be launched by the STS.

— -
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LOADS PREDICTION METHODS FOR SHUTTLE PAYLOADS

As described in the previous section,
usually designed to withstand the dynal
exit phase. The exceptions are payloa

planetary landing loads such
Mars Lander.

payload structyral systems are

nic environments of the launch and
ds designed to withstand lunar or
&s the Surveyor spacecraft and the Viking

The design loads for the launch and exit phase are obtained
from loads analyses of representative mathem

external forcing functions. Since the mathematical model is based on the
configuration and the detailed structural properties of the spacecraft the
design/analysis approach is an iterative process.

expensive and time-consuming, it is desirable to de
effective and simplified loads prediction methodolo
centers around two main objectives,

atical models subjected to

Since this process is
velop a more cost-

qy. The effort at JpPL

One is developing more effective,

less conservative load estimation methods, The other aims at
simplification of the Toad analysis or flight simulation process,

A.  Loads Estimation Techniques

Loads estimation assumes worst tuning between the launch vehicle and

the payload and seeks an upper bound of the éxpected loading in

flight. As such it is not a flight simulation.
entirely within the payload organization with onl
of launch vehicle information,
Toads early in the project, have
design changes, and obtain loads
conservative,

It is performed

y a minimum amount
The goal is to have a definition of
a low sensitivity of the loads to
which are only moderately

thereby resulting in a favorable structural
weight/analysis cost trade-off. Two load estimation methods arc
Currently being used at JPL, The first one is used for the
preliminary sizing of structural members for the spacecraft; it
requires no launch vehicle model information.

obtain upper bound member loads using minimal 1
model data,

The second is used to

aunch vehicle dynamic
In view of the present uncertainties of the STS dynamic

models and forcing functions the second method, referred to as the
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generalized shock spectra/impedance method, is being used to obtain
design Tnads for the early STS interplanetary spacecraft.

Preliminary Design Loads - The V w curve and mass
acceleration curve

For preliminary design purpose an upper bound of payload dynamic
response as a function of payload or component effective weight
has been estimated. These semi-empirical estimates are based
upon the responses of various spacecraft obtained from
experimental, analytical and flight data for a variety of
payloads flown on various expendable launch vehicles of the past
and from analysis done on the STS.

The purpose of developing simplified rules for estimating
preliminary loads is to give the analyst and the designer a
"rule of thumb" for sizing of a preliminary structure and to
assist load estimation in design studies. These methods are
also intended to be used for the design of secondary structure
for which the load analysis approach is not applicable.

The preliminary loads are estimated on the basis of a two
degrees of freedom system subjected to an impulse function as
shown in Fig. IV-1, where one of the degrees of freedom
represents the payload or component weight and the other
represents the launch vehicle. It can be shown that the maximum
response can be expressed as

(Iv-1)

Silo

where C = constant, W = weight (1b)
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A =

g 8 (t)

Two Degrees of Freedom System Subject
to Impulse Function

Figure 1v-1,

The constant C depends on the weight of the launch vehicle,
Extensive data from previous programs have estimated these
constants, C = 185 for Atlas-type vehicles and C = 220 for Titan

vehicles, Using the shuttle load factors, it was originally
estimated that C = 285 for the shuttle payloads.

analysis shows C = 230 for the shuttle payloads.

More recent

A disadvantage of this relationship is that as the component
weight tends to zero, the response or load factor tends to
infinity, Using the derivation of Ref. 51, it can be shown that
in the limit, W = 0, the response can be expressed as

o . Q )
Limit X = ?T7T§'lx2|max (IV-2)
w0 '
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where Q = gain factor = %&

a = percent critical damping, C/C.

interface response of launch vehicle
carrying no payload (unloaded Taunch vehicle
response)

Using the outlined approach, a load factor curve can then be
constructed such as the one shown in the Fig. I1V-2 in which the
preliminary upper bound response for the Galileo spacecraft
components are plotted as functions of the effective weight.
The upper weight range is impedance or weight controlled with
very little effect of damping and in the lower weight range it
is damping controlled.

Currently, this approach is being used at JPL for preliminary
design purposes and for estimating load factors for the design
of secondary structures for Galileo and International Solar
Polar Mission (ISPM) and other STS launched payloads. Figure
[V-2 shows typical results obtained by this approach for the
Galileo spacecraft.

Generalized Shock Spectra Method

A more accurate method for obtaining upper bound loads is the
shock spectra method. Estimates of loads are obtained by
combining the maximum responses for various combinations of
launch vehicle and spacecraft normal modes, and by allowing for
impedance effect between launch vehicle and spacecraft and
frequency shifts to obtain the most adverse combination of
dynamic response. The goal is to develop a cost effective tool
for obtaining design loads in a timely fashion. The method is-




1931Q1Q OSTTI[®Y 10j speol ITwIf 1e udrssp LieutwITaig *Z-A1 2i1n8r1y

(5q1) 6% ‘ IHO1IM JALLDIL43

(sq1z2)
i

L

G3TIOIINOD IDNVYQIdWE ‘GITTOUINOD W¥1D3dS NDGHS

ONIdWYQ TYDLLIND INID¥Id “uU\U

-33-

NOIiV¥I1IDOV DIV IS-ISYND
‘SNOf1Vd313DDY

SV IS-ISVNO ANV DIWVNAQ
10 WNS 3HL S: avOo LiwI

OCO® N © n

—

0s
09

8 8&8R

L

|

549w NOLVYEIIDOV DIWYNAG




’ iOebhashehaniotiid o ekl A A ALl Lg T e =
i

-34-~

, low in cost as compared to a transient load analysis, it is
| insensitive to design changes, and hopefully moderately
| conservative in load prediction.

The shock spectra method was originally presented in
Reference [497, [50] and later expanded as a generalized shock
spectra in Reference [517].

S T T T TN Semm T =

}' The following general observations are fundamental to
understanding the rationale of the shock spectra approaches:

‘ (1) The general objective is to avoid the cost of a launch
vehicle/new spacecraft overall transient analysis.

(2) A previous dynamic analysis has been performed for the
same launch vehicle with another or a dummy
spacecraft, the results of which are used as inputs to
the generalized shock spectra method. The method is
derived to utilize modes of the launch vehicle loaded
by a rigid mass only, or unloaded. If such an

analysis is not available, the proper data can be
recovered from the analysis of the launch vehicle

) o ke s

loaded with a spacecraft having rigid or elastic mass

representation,

(3) The structural analyst needs only to determine the
worst case load maxima or the bounds, rather than time
histories, of the structural response. Since maxima
or bounds are the objective of the shock spectra

concept, a shock spectra approach is readily
applicable to the structural design process.

(4) Any loads analysis - transient, shock spectra, or
other - incorporates two hasic items: a model

idealizing the dynamic environment, i.e., the forcing

aating’
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function, and another idealizing the composite structural

system. The form of cach model is influenced by the
selected approach,

while its complexity is constrained by
cost and time.

(5) The original launch vehicle forcing functions, usually
unknown to the spacecraft analyst, may be idealized by
a simpler form to obtain an explicit closed form
solution. A complete definition of this idealization

is possible from the previcus analysis of item (1)
above, and is done at the modal level.

Only the highlights of the generalized shock spectra method will

be summarized here, The reader is referred to Reference 51 for

a detailed derivation of the method,

First, the modal forcing function Fo(t) corresponding to the
modes of the launch vehicle loaded by a rigid mass (or unloaded)
at the spacecraft interface and- representing the modal
contribution of an actual flight event, is modeled, regardless
of its physical point_of application, hy an -equivalent Tlaurich
vehicle modal forcing function, Feg(t)' Unlike the actual
complex transient force, the equivalent forcing function assumes
a simple form of variation with time. Here, an impulse delta
function Feg(t) = Foﬂa(t) with a yet-unknown magnitude

FOQ’ or equivalently a velocity with magnitude v

0L is
chosen for convenience.

The choice of a simplified forcing function as an impulse
emphasizes the view that the shape of the response time-history

is of little consequence, and that only the peak or bound of the

response is of interest. Therefore, any forcing function that

would reproduce a response with the same maximum peak or bound

as the actual forcing function is acceptable, The equivalency

between the actual forcing function and the idealized one is
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established, not on the basis of producing jdentical responsc
time histories, but on the basis of producing an jidentical peak
of the shock spectra of each of the launch yehicle modal
response qy(t), Figure IV-3, derived from the previously
performed launch vehicle/dummy spacecraft analysis. An
alternate to the direct use of dg(t) is discussed later.

The use of modal shock spectra, rather than the interface
degrees-of-freedom shock spectra is significant because it
automatically accounts for the matching of all interface
physical deqrees of freedom, and allows one to determine the
modal magnitude of the impulse Feg(t) or velocity vgo. It

is noteworthy that the above process of establishing the
equivalent idealized forcing function requires knowledge of the

MODAL RESPONSE SPECTRUM FOR
IDEALIZED FORCING FUNCTION

\\\ S(wy, £) mmm e
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4; MODAL RESPONSE SPECTRUM FOR
ACTUAL FORCING FUNCTION
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LAUNCH
VEHICLE

4\ Fg )
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- |
' .
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MODAL FORCING - Fy ()
FUNCTION

Figure 1V=13, idealization ol torcing funct ion




modal properties of the launch vehicle with or without a
payload. Such information is usually available from the launch
vehicle organization, Also note that the rigid mass at the
launch vehicle/spacecraft interface does not have to be the
total mass of the spacecraft to be analyzed, but can have any
value convenient for purposes of the transient analysis
performed earlier on the launch vehicle. This approach does
correct for whatever mass value was used previously.

Second, in considering the composite structural system which
consists of a spacecraft modeled by S-normal modes and a launch
vehicle modeled by L-normal modes, there will be (S + L) modally
coupled equations of motion. The coupling arises because the
S-spacecraft modes and the L-launch vehicle modes are obtained
from two separate modal analyses, rather than from an analysis
where the two models are integrated. Unlike the transient
analysis where the solution is expressed in the complete (S + L)
space of modal coordinates and time, a bound on the complete
solution is established by:

(1) Idealizing the totality of (S + L) mathematical space
of modal coordinates by an array of nested (S x L)
mathematical subspaces, in each of which only one
spacecraft mode is individually coupled with one
Taunch vehicle mode. In this fashion, each spacecraft
mode is counled with L-launch vehicle modes one at a
time. To derive a bound on the total solution in the
original (S + L) mathematical space, an explicit
solution in the form of spacecraft modal response time
history is first derived for the pair of modes in a
typical subspace. The explicit form of this solution
is based on the idealized modal forcing function just
discussed. Furthermore, because the spacecraft member
loads are the objective of the analysis, and since
these are proportional to the generalized modal

e e s B i+

o odly
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| displacements, the response quantities used here are
generalized modal displacements, qSQ(t), from which
an expression of the bound QSQ of qsl(t) is then
derived.

(2) Numerical computations are made first to establish the
bounds, qu’ on each of the (S x L) discrete modal

i responses. Each bound ng corresponds to one of the

, (S x L) subspaces. To account for unknown design

t tolerances and variations in the structural model

idealization, worst cases can be provided by allowing

realistic possible tuning between each spacecraft mode

and its nearest launch vehicle mode, and by scaling

the entire frequency spectrum of the launch vehicle

with respect to that of the spacecraft.

(3) Next, a bound on the total spacecraft modal response,
Qs’ is constructed by summation over all the
discrete L-bounds for that spacecraft mode. The
summation can be over absolute values, or in a
root-sum-square sense that can also be weighted to
account for phasing.

(4) Finally, spacecraft member loads are obtained by
adding the contributions of all spacecraft modes,

In the procedure outlined above, steps (1) and (2) derive
expressions for bounds on the discrete response, QsQ’ in each
of the (S x L) modal subspaces, while steps (3) and (4)
construct a bound on, Qsc' the complete solution in the total
(S + L) space from the discrete Qg bounds. In this manner,
much computational effort is saved over the usual transient
analysis.

either in absolute value or in a root-sum-square sense,

& wdtm
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Because the spacecraft member loads are the object of the
analysis here, and since these are proportional to the
ageneralized modal displacements QS, bounds on the spacecraft
member loads are expressed in terms of the bounds, ng’ of the
generalized modal displacements for each subspace. A typical
generalized modal displacement bound, st’ is derived here for
a typical subspace in which one spacecraft mode dg is coupled
with one launch vehicle mode qge The governing equation is in
thie following form [51]

q <o .>IF.
oL <ty (1v-3)
9o 0
where
wi = eigenvalue of the launch vehicle mode g+
2 .
wg = eigenvalue of the spacecraft mode Qg
9= percent of critical modal damping for the launch

vehicle mode g+

% = percent of critical modal damping for the
spacecraft mode 9q-

o e A . oo o aa
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“¢, 47 = values of the launch vehicle mode q, at the 3t
degree of freedom.

{Fj} = time history vector of forces applied at the
launch vehicle degrees-of-freedom.

and En?i], [mis]are the mass and the rigid-elastic terms
defined in [51].

As mentioned before, the modal forcing function <0, 52 {Fj(t)}
is modeled by an equivalent impulse delta function having a

magnitude FOQ’ or alternatively, an initial velocity with a
magnitude Voe

Then the bound, Qsi’ of the modal response ag of a
spacecraft mode can be obtained as

. _21%0r Mg (1v-4)
s (I+ Msz) max

where

we

w, =

1
v 1+ Msg

The definitions for Mgg » Msgand Dmax can be found in
Reference 51.

During the early stages of the design, the spacecraft and launch
vehicle modes and frequencies are obtained from analyses that
usually contain a large dearee of uncertainty. To account for
such uncertainties, one may introduce an artificial tuning
between the spacecraft and launch vehicle modes. Two forms of
artificial tuning have been identified: global and local. In
global tuning, the entire spectrum of launch vehicle frequencies
is incrementally scaled in either direction relative to the
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spacecraft frequency spectrum, For each increment, a global

response
[T T e
S 2

can be computed and used as a measure for determining the worst
case for design purposes. In this scheme, tuning is achieved by
finding the amount of relative scaling that maximizes Q.
Clearly, limits on the allowable relative scaling must be
selected in advance, and the search for the maximum Q conducted
within these 1imits., An alternate is to evaluate member loads
or acceleration for each tuning.

In the local tuning, the response is maximized for each
spacecraft mode, one at a time. This is achieved by allowing
the nearest launch vehicle frequency to coincide with that of
the spacecraft frequency under consideration, provided that the
two were originally separated by no more than a preselected
amount,

Since each ng results from coupling between a spacecraft mode

s and only one launch vehicle mode 2, and since a complete
representation of the launch vehicle includes more than one
mode, say L modes, contributions due to all L modes should be
included, The upper bound of the contribution by all the launch
vehicle modes can be obtained in the root-sum-square sense.
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Qs = E ;ng (Iv-6a) .

or

(Iv-6b)

where Wé“s"”a) is a weighting function that can be used to
account for time phasing between the launch vehicle modes.

Using Eq. (IV-6a) or (IV-6b), a bound on the relative
displacement tDb‘ js found from

{Db} \/bz—‘{_o_gs‘} (1V-7a)

124

or

{ob}~\/’§2{ [ws(ws)obs]zl‘ (1V-7b)

in which

[Pos] = {105

[?os

Ns(u‘s)

spacecraft modal displacement at the bth DOF
for the s-spacecraft mode.

a weighting function dependent upon the
spacecraft frequency

A bound on the absolute acceleration {ab} for a
degree-of-freedom, b, on the spacecraft is found from

e e e
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¥ l([“’m] [#s] [msi]) {Riof H
(Iv-8)
where
s=1,2, ..., S¢S
[@bi] = rigid body modes of the spacecraft due to unit
deformations imposed one at a time at the
spacecraft-launch vehicle interface i
{ﬁis} = Ebbﬂ{wlvol} = accelerations at the
interface i for each
spacecraft mode s.
In Eq. (IV-8), the | --- | means that a bound similar to that

of Eq. (IV-7a) and (IV-7b) is taken for the enclosed

quantities. It is also noted that the underlined term in Eq.
(IV-8) 1is a correction term that accounts for errors introduced
if a truncated set of spacecraft modes S is used in place of the
total S. It can be shown that when all spacecraft modes are
considered, i.e. S =S, the correction term vanishes.

If the modal displacement method is used fo calculate the member

forces {Fa} associated with the ath force component, one may
write

(b |l fd o | soves (o)

[Cab] = matrix of force coefficients whose elements are
the ath force component associated with
displacements in the btM degree-of-freedom.
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Again, if a truncated set of spacecraft modes S < S are used to

compute the forces {Fa}, the same correction term of

Eq. (IV-8) can be introduced to give

[Cab] [obs] {0} | * | [Cat] L ([w - [bs] [msi]) (R}

(Iv-10)

As before, the underlined term is the member load correction due
to mode truncations, and || ---|| means that a bound is taken
during summation over the spacecraft similar to Eq. (IV-7).
Member loads computed by the generalized modal shock spectra

method are, by intent more conservative than those calculated by
the transient method.

A comparison of acceleration levels obtained by the generalized
shock spectra method to those from the mass acceleration curve
are contained in Appendix C.

Transient Load Analysis Techniques

For more accurate loads prediction, the launch vehicle/payload
composite model will be subjected to appropriate external forcing
functions for the response and member load calculations. These
external forcing functions are derived from the relevant dynamic
environments representing the launch vehicle thrusts, staging events,
aerodynamic loads and others. Since the mathematical model is based
on the design of the structures, this design/analysis approach is an
iterative process. This design/analysis process involves the inte-
gration of the payload model and launch vehicle model and the
subsequent transient analysis. Considerable time and cost are
required in the integration of the composite model and the response
analysis, since typically the payloads and the launch vehicle are
developed and designed by separate organizations with their res-
pective mathematical models which involve different computer codes,
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coordinate systems, units and normalization procedures. In a

previous experience, the Viking project, as many as ten organizations

were involved in generating the composite model and its integration,
One design/analysis cycle required up to six months (28],

To reduce cost and schedule, several approximation techniques have
been developad in the past. One method utilizes the fact that
payload design changes during the design/analysis iteration are
"small", such that a cost effective perturbation procedure can be
applied to update the response analysis due to design changes [52].
This method was further extended to estimate the modifications of
launch vehicle/payload interface responses due to payload design
changes [53]. The modified interface responses can then be applied
to the base of the payload to calculate the payload responses and
loads. This method is not only cost effective but also can be
implemented by the payload organization without interfacing with the
Taunch vehicle organization. However, this method is developed with
the assumption that the payload is always much "smaller" than the
launch vehicle, For shuttle-launched payloads, the effects of
payload dynamics can no longer be considered as "small" for future
dynamic events such as the abort landing of a fully loaded shuttle
orbiter. In these events, the interaction between the shuttle
orbiter and its payload is critical to both the orbiter and payload
loads [54). Therefore it seems that the launch vehicle/payload

composite model integration and its transient analysis cannot be
avoided,

The simplified loads analysis methods aim at simulating a time
response solution within the payload organization with minimal Taunch
vehicle information. The objective is to greatly reduce the
interface hetween the payload and launch vehicle organizatuon. Thus
methods to obtain the payload response of a launch vehicle/payload
composite system from the resylts of another launch vehicle/payload
composite system under the identical forcing function have been
developed. Fig., IV-4 shows two composite systems with identical

e
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Figure IV-4, Schematic of launch vehicle/payload composite systems

launch vehicle byt different payloads,

The governing equations for these two
systems can be written in the finite-ele

ment formulation as

m o0 X ky o] kiq Koy xl) fm)
+ + 3 {
Ooml (% 0 o_’ SPRLEY ("25 ( 0
(1V-11)
and
+ + = (1v-12)
0 m (¥ 0 0] ki, Ky Yo 0
where

'X]}, {y]] = launch vehicle degrees-of-freedom (DOF) of the

composite .system (I) and (I1), respectively,
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{xz}, {yz} ® payload DOF of the composite system (I) and
(11), respectively,

[h]] = mass matrix of the launch vehicle,
E]] = stiffness matrix of the launch vehicle,

[mz:,, [mzj = Mass matrix of the payload A an

d payload B of
the system (1) and (I1)

» respectively,

[kllJ’ [klz}, [k21], [kzz], sub-matrices of the total payload
stiffness partitioned into Taunch

vehicle/payload interface DOF and
k.1 (K7 k.7, Ik -
[ 11] [ 12] [ 21] [ 22] payload DOF for the system (I) and
(I1), respectively.

= vector representing the external
forcing functions acting on the
launch vehicle DOF,

Assuming a "partial" solution of Eq. (
objective of the methods is tn ob
Eq. {1v-12) by using the resylts
procedure does not involve the )

IV-11) s available, the
tain-the payload response {y} of
of Egq. (IV-11). The proposed

aunch vehicle model ang the forcing
functions acting on the launch vehicle,

Hence the entire process can
be implemented by t

he payload organization alone.

Although damping is not inclyuded in Eqgs. (

IV-11) and (IV-12), it win
be incorporated later in the form-of moda

I damping. Also for

that the payload is
supported in a statically_determinate manner such that

simplicity, it will be assumed at present
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] = ] [k22] [be]

(1Iv-13)
1= - ool Tkool = Tk
k] = - Pa] [22] =[]
where

[?R} = payload A rigid body transformation matrix defined as
the payload displacements due to unit displacement of
the launch vehicle/payload interface DOF, {XI .

{XI‘ = launch vehicle/payload interface DOF connecting

payload to launch vehicle, a subset of the Jaunch
vehicle DOF {xl‘.

Next, the motion of the payload will be decomposed into two partis,
namely, the rigid body motion and the elastic motion:

(%2} =[e4] 1) * {xe] (1-14)

The first term on the right-hand side of Eq. (IV-14) is the
rigid-body motion. The second term (X, is the elastic motiun, or
relative motion with reference to the interface, It should be noted
that only the elastic motion xel will generate internal loads in

)

the structure. Using Egs. (IV-13) and (1v-14), Eq. (IV-11) can he

transformed into the following form

g+ ¢Rm2 il kl 0 X4 F(t)
+ = ’ (1v-15)
Modp My ie 0 k22 X 0

where

[m] <[4 [ [¢%)

denoted as rigid-body mass of payload A.
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Similarly, Eq. (I1V-12) can be transformed into the following form:

m # mrv 4! F(t)
= (VI-16)
ﬁz$h Yo 0

payload B rigid-body transformation matrix defined
similarly as for payload A.

1

—
<)
=
—J
n

[aRJT[ﬁ]—Z:I[J’-R]
denoted as rigid-body mass of payload B.

Also the motion of the payload B is decomposed into two parts similar
to that of payload A, Eq. (IV-14), as:

{%2} - [¢RJ{3’I b e } (VI-17)

where {yl’ is a subset of lylj defined as the launch
vehicle/payload interface DOF similar to that of 1 I}

Using the basic mathematical formulations presented above, two
different approaches for obtaining transient spacecraft responses
using simplified methods will be discussed.

1. The Rigid Body Interface Acceleration Method

Since a significant coupling between the shuttle orbiter and the
payloads exists, the launch vehicle organization will usually
perform a dynamic analysis of the shuttle/payload system with a
rigid payload model for the purpose of verifying the launch
vehicle integrity. A method has been developed by which the
launch vehicle/payload interface responses are modified such
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that the effect of payload elasticities .are taken into
| consideration [65]. The payload responses and loads can then be
| obtained by applying the modified interface responses to the
base of the payload. The advantage is that the entire procedure
i can be implemented within the payload organization such that
ﬁ timely design/analysis iteration can be performed. However, the
F‘ disadvantage is that only the analytical interface responses can
E be used, since it is unlikely that a rigid payload will be
| flown. Therefore, the measured flignt data cannot be directly
applied in the design/analysis process.

] For a rigid payload, it is postulated that the stiffness of the
] payload is infinitely large, such that no elastic motion of the
payload can be realized, i.e., Xe} = 0. Then the governing
equation (IV=15) can be written as

["‘1 * mr‘r] g + [kl] {a = {ren) (VI-18)

Physically, [mrr] represents the distribution of rigid payload
mass onto the interface degrees-of-freedom. Generally, for a
typical payload, non-structural weights such as instrumentation,
electronics, propellants, etc., constitute the major portion of
the payload mass and the weight of the load carrying structure
is only a small portion of the total payload mass. Therefore,
early in the project the payload rigid-body mass [mrr] can be
estimated prior to the actual design since only the mass
distribution and geometric configuration are required to
establish |m

rel and [#p]. It is a common practice that the
payload organization will provide an estimated [Mep] to the
Taunch vehicle organization early in the projecc such that the
Taunch vehicle/rigid body payload composite model, i.e.,

Eq. (IV-18), can be constructed. The main purpose of such a
model is the verification of the launch vehicle loading.

Meanwhile the interface accelerations of the mocel can be {
obtained.
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The governing equation for the launch vehicle/rigid payload
composite model, Egq. (IV-18) can be reduced to the generalized
coordinate formulation as:

il e e ] [ i) <

where

— N

~] vy - {G(t)} (V1-19)

(1V-20)

(Tv-21)

SIAISREA

Clearly, [¢1] and fn;%\] are the eigenvectors and eigenvalues of
the launch vehicle/rigid payload composite model, respectively.
Also it should be noted that modal damping has been included in
Eq. (IV-19) and the elements in [\plx] represent the

percentage of critical damping for each mode.

It is important that the launch vehicle organization has
obtained the solutions to the launch vehicle/rigid payload
composite model, Eq. (IV-18), and made them available to the
payload organization. Precisely, the following are required:
the interface acceleratiors of the events under consideration,
lil‘, the eigenvalues of the launch vehicle/rigid payload

& wany
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composite systemtni , the corresponding eig¢nvectors of the
interface degrees-of-freedom, [¢I] [@2] which is a subset of

[@1], and the modal damping E‘”.J' The objective of the
method is to use these data provided by the launch vehicle

organization to calculate the elasti. payload responses and
loads under the same dynamic events, without having to solve a
new launch vehicle/elastic payload composite model similar to
Eq. (IV-16).

First a transformation will be defined as

{ylg : 9 O ] sull -

where [¢l] are the eigenvectors of the launch vehicle/rigid
payload system, Eq. (IV-21), and [}Z] are the eigenvectors of
the elastic payload constrained at interface. [? 2] satisfy
the following orthogonality conditions:

o] [ [oe] [

unity matrix

(Iv-23)
T 2
[wz] [kzz] [¢2] Rt N eigenvalues of elastic payload
The governing Eq. (IV-16) can then be written as
o'm i 2 o | (U W 0| (u 6(t)
Ire 1 “Pwy 1 1 1
+ + =
Y] . 2
1 U2 0 292w2 U2 0w, U2 0
(Iv-24)
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where

o] =[]« o] (R 4]

[‘02 ] = payload modal damping

With the information provided by the launch vehicle
organization, Eq. (IV-24) can be constructed by the payload
organization except the generalized forcing G(t). To eliminate
this difficulty, a modal response due to the launch
vehicle/rigid payload interface acceleration will be defined as

b+ ooa ] Ford e [l = L] i = o ] B
(1v-25)

[t should be noted that {Vz} can be obtained once the
interface accelerations RI are available, Egs. (IV-19) and
(IV-25) can now be combined as —

s . 2
I 0 ,vlt 2000, O i w? 0 w) (s
+ + =
.o . 2
mer¢I 1 V2 0 292w2 V2 0 ws V2 0
(1V-26)

Then the solution to Eq. (IV-24) will be decomposed into two
parts as

"
+

(Iv-27)
y
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Upon substitution, the following equation can be obtained

ﬁll\ Zpwp O ‘ W) ] “f 0 ‘ Wl)\ §‘¢Emrevzl
+ v 4 =

. 1Y - l s
28 0 ZQZmZ l W2 ‘ 0 wo, l N2$ 0

(1V-28)

=}

In Eq. (IV-28), the generalized forcing function G(t) has been
replaced by Vz(t) which in turn can be obtained from

Eq. (IV-25) once the launch vehicle/rigid payload interface
accelerations Xy are available. Thus the payload responses

Yo can be obtained by the payload organization once

Eqs. (IV-25) and (IV-28) are solved as follows

bab = [eo] deed =[] (4 + () w25

The above describes a method by which a transient loads analysis
can be performed within the payload organization. The method
requires certain information from the launch vehicle
organization including the launch vehicle/rigid payload
composite frequencies, modal damping modal displacements for the
interface degrees-of-freedom, and interface responses due to
various events. The advantages of the method are the ability of
the payload organization to perform complete a design/load
analysis cycle independently, thus eliminating the costly and
time consuming interfaces between the launch vchicle and payload
organizations. The method developed above has no limitation
regarding the relative size of the payload to launch vehicle or
the type of forcing function used in the transient analysis.

The detailed mathematical derivation and the application of the
method to a realistic problem can be found in Reference 55.

Py
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Recovered Transient Analysis

The objective of this method is to develop a procedure by which
f the interface accelerations of one launch vehicle/payload
| system, either analytically obtained or in measured flight, can
\ oe used directly in another launch vehicle/payload system design
;' procedure, thus, the name "Recovered Transient Analysis." This
; effort should be especially beneficial for future payload
designs using the shuttle as a launch vehicle. The payload
dynamic loads can be obtained by performing a transient analysis
of the payload model using the interface accelerations modified
from another composite system, which consists of an identical
) launch vehicle, the shuttle, and a different payload, as forcing
] functions. In principle the proposed transient analysis
recovers the interface accelerations for ihe unloaded launch
vehicle and then modifies them to include the dynamic
characteristics of the new payload. After a series of shuttle
launches, the flight measured interface accelerations can be
used to establish a payload forcing function data base for
subsequent payload designs. The payload organization using the
proposed loads analysis method can then perform payload loads

analysis within the payload organization in a cost effective and
timely manner.

In a recent article, (561, it was pointed out that the current
dynamic analysis methods are unresponsive to the design process
because of the long computational times and their associated
costs. Their use is virtually precluded in the early design
stages where frequent design changes are occurring. This method
will not only simplify the analytical process thus reducing the
cost, but also will provide results in a timely manner due to
minimal interaction between the various oraanizations.
Therefore, the rigor and potential accuracy of a systematic
analytical procedure can be brought to bear on not only the
design process in the early stages but also as a guide for the
qualification testing in the later stages of the project.
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Since the objective is to utilize the results of the Composite

System I to solve for the response of the Composite System II,

as shown in the Fig. IV-4, the solution of Eq. (IV-15) which is
the governing equation for the System I will be examined.

Let

=1 Haw) (1v-30)
[+

where [¢] and [¢e] are the eigenvectors of the Eq. (IV-15)
for the launch vehicle degrees of freedom (DOF) and payload
elastic DOF, respectively, and {q(t)} is the generalized
coordinate vector. The eigenvectors satisfy the following
orthogonality conditions:

T -

T [
¢ m1 * My ¢Rm2 ¢ R\\\
= I

Pl [Mo% m, e

4 L=l

(
¢ k 076 T
1 . K\\\wg .
be| |0 k22| [%] |
where [\wz\J is—the composite System I eigenvalue matrix.

From Eq. (IV-14), the complete eigenvectors for Payload A can be
obtained as

Iv-31)
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where [¢I] are the efgenvectors for the interface DOF, a
subset of the eigenvectors for the launch vehicle DOF [¢J.

By substituting Eq. (IV-30) into Eq. (IV-15) and using the
orthogonality conditions as expressed in Eq. (IV-31), one

obtains the governing equations for the generalized coordinates
q(t).

| lq} +[\2°“’\J {Q} *sz\] [q, =[¢]T {F(t)} (1V-33)

Note that modal damping, [“2pw.], has been included.

One other quantity, [mer]

» representing the inertia coupling
effects between the Taunch vehicle and the payload is available

from the analysis. It is defined as follows:

] =[] [re] 1] (v-34)

In summary, the following results from Composite System I will
have to be made available to the payload organization,

1) The system eigenva]uesb[\wzkj .
2)  The system eigenvectors at interface DOF [¢I]'

3) Rigid-body mass and inertia coupling matrices, [mrr}
and [mer]'

4)  Time history of the generalized coordinates {q(t)] or
[ aer).
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With this information, the responses of System II represented by
Eq. (1V-16) will be sought. First, the external forcing

functions {F(t)f must be eliminated by combining Egs. (IV-15)
and (1V-16).

q(t)

6&@1' al fao [ {m ][] - o]
ﬁ2_| Vel 10 Kpd [ve ‘[ﬁz}[arz:l[“’l:l

(Iv-35)

where

{211 “faf - bl e ] - o8] (] (1¥-38)

In Eq. (IV-35), the external forcing function lF(t)l has been
replaced by the modal acceleration {d(t), which will be
available to the payload organization. However, to solve for
kq. (IV-35), the eigenvalues and eigenvectors of System I are
required. From Eq. (IV-35), it appears that the launch vehicle
mass and stiffness matrices, [m1] and [k]], are needed which
means the launch vehicle model is needed. Since it is an a
priori assumption that the launch vehicle model will not be
available, a method will be devised by which the required
eigendata can be extracted without the use of the detailed
lTaunch vehicle model. Only the generalized, or modal launch
vehicle model will be required. Basically, the method will
first obtain the eigendata for an unloaded launch vehicle by
removing Payload A from the Composite System I. Next, the
unloaded launch vehicle will be coupled with Payload B to obtain
the eigendata for Composite System II. For reasons of matrix
size compatibility, a system consisting of an unloaded launch
vehicle and a cantilevered Payload A will be studied.

AR e era - o
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ml 0 x0 k1 0 xo
. + .= (0 (IV~37)
“O - m2 x2‘ 0 k :

It is obviLus that Payload A is not coupled to the launch
vehicle, therefore the results from Eq, (IV-37) include the
eigendata for an unloaded launch vehicle and a cantilevered
Payload A,

i
Let

1)
—~——
<
——

(Iv-38)

Substituting Eq. (Iv-38) into Eq. (Iv-37)

and pre-multiplying by
the transpose of the transformation matr

iX, one obtains

T T !
m1 * mrr ¢Rm2 e ¢Rm2 ¢

Using the orthogonality relationshi

relationship in Eq. (IV-32)
form of

p of Eq. (IV-31) and the
» Eq. (IV-39) can be reduced into the

| -
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A1l the matrices in Eq. (IV-~40) are available to the payload
organization and they are in much simpler form than the launch
vehicle mass and stiffness matrices. The eigenvalues and
eigenvectors for Eq. (IV-40) will be denoted as [}w%é] and
[W], respectively. From Eq, (IV-38) the eigenvectors for the
unloaded launch vehicle intérface DOF will be

][]

As mentioned before, the eigenvalues and the eiganvectors
obtained from Eq. (IV-40) contain the effeci of the cantilevered
Payload A. It must be identified and removed from the results.

One way is to use the orthogonality condition to identify the
payload modes.

Let

0] =[] [¥] (1v-42)

From Eqs. (IV-38) and (IV-42), it is clear that the cantilevered
payload modes are among the modes [¢OS . Since the payload
modes are orthogonal modes with respect to the mass matrix, the
following multiplication will ideally produce unit diagonal
terms and zero off diagonal terms for those payload modes.

[Mg} i [¢OS}T [mZ] [¢os} (1V-43)

Although truncation errors will contaminate the unit and zero
terms, the errors should be small if sufficient mcdes are
accounted for. Thus the matrix [Mg] can be used to sort out
the paylocad modes.
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After the eigendata of "he unloaded launch vehicle are ohtained,
the eigendata for the new composite model, Eq, (IV-35)

consisting of the identical launch vehicle and a .new payload B
can be obtained,

2) [¢o N
- _ (1V-44)
Y} © %] | Y2

where [¢0] and [$2] are the eigenvectors of the unloaded
launch vehicle and the cantilevered Payload B, respectively.
Note that the matrix EDOI] is ‘available from Eq. (IV-41).
Therefore the following orthogonality conditions are satisfied:

R
R
%) [M]|%] | ! \\J Z

Let

(1V-45)
I
i \‘2
ol ) [%] [ “o
T e npe o =
-— —_— —_ _‘\
[¢2] [mz_ %27 ! \\J
> (IV-46)
T A o1 e
- =1 ..~ =2
[¢2] [kzz_ Y2 T @ \\J |

where [‘wS,J and E‘GS.J are the eigenvalues of the unloaded
launch vehicle and the cantilevered Payload 3, respectively.
Using the transformation of Eq. (IV-44) the eigenproblem for the
new composite model, Eq. (IV-35) can be rewritten as
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The elements in the coeffigient matrices of E¢. (IV-47) are
typically available either from the unloaded launch vehicle
eigendata such as the [¢OI] and [‘w%_J and from the

cantilevered new payload eigendata such as the [ﬁrr]‘ [ﬁer]
and [‘BE‘J. Therefore, the eigenvectors and eigenvalues can

be calculated by the payload drganization. They sdtisfy the
following orthogonality conditions. )

=
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where [Ek]’ [Ep] are the eigenvectors and [732\J are the

eigenvalues. The eigenvectors of the launch veliicle/payload
interface DOF are given as follows:

[31} - [‘1’01] [Eg] (1V-50)

(Iv-49)
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The responses of the composite model, Eq. (IV-35) will be solved
by using the following transformation:

29 ) 0 ] {v,
. ) i‘q‘(t)% (1v-51)
v} 1o 6,7
I

Then the unccupled modal equations can be obtained as

AN U U R LS

where

(- [ Bl - ) [o] - B Bl (6] v

Since the quantities on the right hand side of Eq. (IV-52) are
available to the payload organization, the modal response q(t)
can be obtained from the LV organization in a timely manner. It
should be noted that modal damping [\ZBQ\J has been included in
Eq. (IV-52).

The discrete payload accelerations of each DOF can be obtained
by using Eqs. (IV-17), (IV-36) and (IV-51) as follows:

+ % ilé -{1v-54)

| eeawr.
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The structural member loads, {p}, can be obtained from the
} following operations:

{p} = [s] {Ye] = [s] [?52} [Ep:, {E(t)} (IV-55)

where [S] is the loads coefficient matrix which relates the
elastic deformation to the member loads. Typically, in a

payload dynamic analysis, the product [S][§2}’ rather that [S]
is obtained,

F The described recovered transient analysis should theoretically
provide the same results as that of the full scale transient
analysis if the damping is absent. In view of the fact that
generally only very light dampings are involved with the payload
structural systems, good accuracy for the results can be
expected. Another source of error is the modal truncation. One |
should expect similar e~rors due to modal truncation Just as any
other dynamical system solved by the modal method. This method

has been demonstrated by a realistic sample problem which can be
found in Appendix D.

C. Comparison of Load Estimation Methods to Transient Loads Methods

Spacecraft members loads obtained by estimation methods, such as the
generalized shock spectra/impedance method are by intent more
conservative than those obtained by transient load analysis. It is,
however, difficilt to quantify this conservatism analytically., One
of the reasons for this difficulty is that in order to fully assess
the conservatism a particular spacecraft structure would have to be
designed by both methods; this implies several design and load
analysis iterations. Such data is not available. Some limited data 3
for realistic payload structural systems from past programs is ,
available and will be discussed here to assess the_degree of g
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conservatism of the load estimation methods. These comparisons

should serve as an aid in the selection of loads methods for future
projects.

The earlier version of the shock spectr: method [49] was applied to
the Viking Orbiter primary structure. The loads were then compared
with the Viking design loads which were calculated by the full scale
transient analysis on the system model. The results have been
reported previously [57]. In evaluating this comparison it should
again be remembered that the data presented is based on one load
cycle using the shock spectra method for a spacecraft model designed
by a system transient loads analysis. Thus this is not a

comprehensive comparison of a structural system designed by the two
methods,

Another type of comparative data is available from Voyager. This
spacecraft structure was designed using the earlier version of the
shock spectra method. The design loads were verified by transient
analyses and found to be conservative. Flight instrumentation on
both Voyager spacecraft was used to reconstruct member flight loads.
A detailed comparison of the design loads, verification loads and
flight loads is contained in Reference 58.

A summary of the results of these two comparisons are shown in Tables
IV-1 and VI-2. Structural members used for this comparison are
primary truss clements, subjected to significant loading during the
mission. Table IV-1 contains ratios of shock spectra loads to
transient member loads for both Viking and Voyager primary truss
members for two launch vehicle events, namely launch (or Stage 0
Ignition) and Stage I Burnout. This comparison shows that loads
calculated by the early shock spectra method when compared for each
event can be considerably more conservative than those obtained from
transient analysis. For individual members the conservatism ranges
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from a favorable 26 percent to a very high 500 percent. The latter
number is due to the assumed deleterious tuning between the launch
vehicle and the spacecraft normal modes. A more meaningful
comparison can be made by considering the design loads for the
various members, Ratios of shock spectra design loads to transient
design loads for both Viking and Voyager are shown in Table Iv-2,
The design loads are more meaningful since thay are more directly
related to structural weight, The member design loads are obtained
by considering all flight events, some of which do not lend
themselves to a transient loads analysis such as the maximum o q event
which is treated as a steady-state excitation.

For the Viking spacecraft, an estimate of the increase in the
structural weight was made (57] using the design loads obtained by
the shock spectra method. A minimum additional structural weight of
6.9 percent was estimated by using the actual Viking orbiter primary
structure capability determined by the test program, not the
analysis, since this was the only available data.

In some cases, the tested capability was much greater than the
analytically predicted values. If analytically predicted
capabilities were used as a reference, as would be done in designing
the structure, the weight increase would be larger. Since the
conservatism in structural design is dictated by factors such as
manufacturing considerations, handling, and design load conditions
that changed in the course of the project, a weight increase of up to
50 percent inight be possible, These considerations, as they arose on
Viking, are reflected in an overall structural weight increase of
only 6.9 percent using a single loads cysle and the shock spectra/
impedance meihod rather than the transient loads analysis method,
Thus the values shown in Tables IV-1 and IV-2 do not automatically
result in a very heavy structure because:

1. The desiga process does not use all the computed loads but
only a subset of the highest loads.
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Table 1V-1, Comparison of Shock Spectra and Transient
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Loads for Two Events

A

Py

Viking VLCA Truss

Ratio Shock Spectra/Transiont

Voyager Mission Module Truss

Ratio Shock Spectra/Transient

Member Launch Stage 1 BO
750 o 2.66 2.70
751 3.64 2.15
752 4.65 1.66
753 3.53 1.90
754 2.05 2.25
755 2.98 2.38

Member

6801

6802

6803

6304

6805

6306

6807

6808

Launch

1.82
1.88
2.84
3.21

1.99

2.85

Stage 1 BO

1.55

1.43

2.93

3.62

1.47

1.26

5.66

3.27

Table IV-2. Comparison of Shock Spectra and Transient
Design Loads for Major Structural Elements

Viking VLCA Truss

Voyager Mission Module Truss

Ratio Ratio
Member - Shock Spectra/Design Load Hember Shock Spectra/Design Load

750 2.13 6801 1.82
751 2,23 6802 1.88
752 3.38 6803 1.82
753 3.14 6804 2.46
754 1.50 6805 1.99
755 2.52 6806 1.88

6807 2.37

6808 2.48
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2. The shock spectra loads tend to equalize the loads in like
members, make the loads less sensitive to directional
effect and allow for delecerious tuning between launch

vehicle modes and spacecraft modes,
3.

The advantage of the transient analysis can rarely be fully

exploited in design since tailoring member size to loads

and degree of freedom, member by member, is not feasible in

practice because of schedyle and cost. In addition, design

loads derived from transient analysis must be chosen higher

than transient loads prediction in order to account for the

deleterious tuning mentioned above.

Therefore, although the conservatism can be high the shock spectra
method was found to be a cost effective loads approach. The data

does not correspond to the shock spectra derivation of Section IV-A,

The latter is currently being used for the design of the Galileo and

the International Solar Polar Mission (ISPM) spacecraft. Table Iv-3

shows the comparison of the ISPM spacecraft generalized shock spectra

loads with those obtained by the recovered transient analysis. The

comparison indicates that the loads are indeed very closed.

- aipy
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Table TV-3. Comparison of Generalized Shock Spectra and Recovered
Transient Loads for ISPM

Maximum Load

Upper Bound From Recovered Ratio
Load Transient Analysis Upper Bound/
Member D] N Transient

701 4020 2861 1.41
702 10040 7968 1.26
703 . 12200 10943 1.12
704 7100 7692 0.92
705 4380 3759 .17
706 10260 9430 1.09
707 11500 12197 0.94
708 7100 6891 1.03
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V. OTHER METHODS

Other aerospace organizations are actively involved in shuttle payload
activities. In this section four different loads methods proposed by
various companies will be briefly reviewed.

!
r‘ A,  Time Uncorrelated Maxima and Minima

The Boeing Aerospace Company (BAC) has developed a simplified method
[59] which aims at reducing the number of normal modes to be used in
the evaluation of the time history of the member forces obtained from
a transient analysis. For any event, the approach is, to first
search for the absolute maxima of each coupled generalized coordinate
q(t). Second, the loads transformation row matrix (LTM) for each
component is multiplied by the column of these maxima and the
contribution to the total summation is noted and ordered by absolute
maxima. Based on this ordering only those modes which are deemed
important are selected. The selection criteria used can be varied
but, in practice, those modes contributing less than a predetermined
value, such as 0.1%, to the total summation are discarded. Based on
these criteria typically 50% of the modes are declared trivial. The
computed time history for the force (or moment) component is now
calculated using only the retained modes. It shculd be noted that
each force component has a different set of retained modes. This
method saves time and seems to be an interesting innovation for the
time domain solution technique. There is as yet a lack of data to
fully assess the conservatism (or lack thereof) of this method. It
should not be difficult to estimate the bound of the error. BAC
experience indicates that for a cutoff criteria of discarding the
0.1% contributory modes, a saving in computation time of 20 or 30% is |
achieved. For a 1% cutoff criteria the saving is approximately 75% §
in computation time.

. el
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B. Impedance Technique for Determining Low Frequency Paylcad Environments

Martin Marietta Aerospace (MMA) has developed an "impedance" method ‘

[(60] which eliminates the necessity of creating detailed coupled
| models as well as decreasing the scope of an overall integration
; task. This approach corrects the response of the launch
f vehicle/payload interface to reflect feedback changes associated with “
F changes of the payload. A1l calculations are made in the frequency
domain, The approach eliminates the necessity of computing the final
coupled eigensolutions. The final equations are reduced to simple
| complex transfer functions. Furthermore, the launch vehicle dynamic
} characteristics required to compute these transfer functions consist
; of unloaded interface free-free modal data. By obtaining a
“standard" set of launch vehicle models and input environmental data,
the payload organizations should be able to calculate the expected
low frequency environments at the launch vehicle/paylioad interface.
This approach also reduces a large portion of the overall integration
task. This approach was applied to the Long Duration Exposure
Facility (LDEF) loads calculation for the STS environments. From the
results, it was concluded that the frequency domain analysis was
quite difficult to implement because of, among other things, the
sensitivity to the damping. A comparison with the resuits of the
time domain analysis also indicated that more meaningful information
can be gained from the transient analysis in time domain.

C. Coupled Base Motion Response Analysis of Payload Structural Systems i

The Marshall Space Flight Center (MSFC) has developed a simplified
analytical approach for payload loads analysis [61], This approach
is similar in many respects to the recovered transient analysis
described in Section IV B.2. The main advantage of this approach is
the avoidance of the reconstruction of the entire launch
vehicle/payload composite model for each loads analysis cycle. This |
conceptual approach was further studied by other investigators using f
very simple examples [62]. It was concluded that the method gave
good results even with modal truncation.

. . . ~ Sy
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Modification of Flight Vehicle Vibration Modes to Account for Deasign
Changes.

As mentioned before, quite commonly, subsequent to the completion of
a load cycle analysis, design modifications are made to the payload.
A new load cycle is then required to assess the effects of these
design changes on payload responses and loads. A technique has been
developed by the Lockheed Missiles and Space Company (LMSC) that will
bypass a portion of the new analysis cycle. The method is called
mode modification [63], which consists of expressing the new
composite modes in terms of the set of previous modes plus a set of
constraint modes associated with the area of the composite system
which is to be modified. An eigenvalue problem for the new modes is
formulated within which the finite element mass and stiffness
matrices in the area of modification are explicitly displayed and may
be modified in any arbitrary manner. This method is not a
perturbation method. Solution of the eigenvalue problem yields a set
of new system modes of the modified composite system directly. This
method was demonstrated using three sample problems with favorable
results comparing them to the exact solutions.

o
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VI. CONCLUDING REMARKS

The state-of-the-art of load prediction for payloads launched by STS is
presently reiying on very crude quasi-static load factors for preliminary
; analyses and complete STS/Payload or STS/IUS/Payload system transient load
analyses for design and verification loads. The latter process is
expensive and time consuming due to the complexity of the dynamic models
and the many organizational interfaces. At the present time the accuracy
of these analyses is questionable due to the lack of definition of the
forcing functions and uncertainties in the model of a launch vehicle which
) has not yet been flown,

-

F Over the last few years the problem of reducing the time and expenditure
for the design/analysis cycle of payloads has been addressed. Design
loads for the Voyager spacecraft were obtained in-house at JPL using upper
bound loads obtained by the Shock Spectra/Impedance Method. The design
loads were verified by a system transient analysis later in the program,

A comparison of Voyager flight data with design data has shown that the
design was more conservative than Viking, which was designed using
transient analysis, at a substantial cost_reduction and some increase in
structural weight.

Recently the shock spectra method has been improved and it is currently

being used at JPL to design the Galileo (GLL) and the International Solar
Polar Mission (ISPM) spacecraft, Designing spacecraft to be flown on STS
to upper bound levels is appropriate due to the uncertainties of a yet not N !
flown launch vehicle,

Recognizing the necessity of simplifying the transient loads analysis
process JPL is also developing methods for decoupling the payload loads
analysis process from the launch vehicle as much as possible. These
methods are aimed at reducing the cost and improving the scheduie for
transient- load analyses. Ultimately, as flight data for the STS will
become available it is expected that these simplified transient loads
analysis methods will provide the most accurate loads prediction at
reasonable cost.
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APPENDIX A

Comparison of Measured and Analytically
Predicted Member Forces
for Viking Orbiter

2, had strain gauges installed on
These strain gauges measured
the axial forces i Table A-1 shows the

comparison of the flight data to pre-flight predictions. The final flight
load prediction for Viking was made using the spacecraft structural model
verified by a test (Model VIII). -Only those launch vehicle events considered
critical were analyzed using this model. Other events, considered less
critical were analyzed only early in the program using preliminary spacecraft
models (Model I and V). The predictions for the latter Models are not

expected to be as good as for Model VIII.

Both Viking spacecraft, Viking 1 and Viking
the Viking Lander Capsule Adapter (VLCA) truss.
n each of the six members of the truss.
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Table A-1, ~ Comparison of Viking 1 and Viking 2 Measured VI.CA
Forces to Preflight Analytical Predictions /

Mindimum HMax imum
Member/Meas. No. (Compression), 1b, (Tension), 1b.
—'————-———u-—-_—_——'_:——m

— o e —— P

Predicted Viking 1 Viking 2 Predicted Viking 1 Viking 2

Stage 0 lgnition (Model VIII)

750/CY 186S -2900 ~2000 -2300 900 800 100
751/CY 187S ~2700 -1600 ~1300 1800 800 1000
752/CY 188s ~2300 -2000 -2200 400 100 0
753/CY 1898 -2900 -2500 ~-2800 900 200 1100
754/CY 1908 ~2800 -2200 ~1500 1900 600 100
755/CY 1918 -2800 -2200 -2300 800 200 200
(llax ag (Model VIII)
750/CY 186S =3200 2000 ~1900 1000 - 500 - 400
751/CY 187sS ~2900 -1500 ~1200 1800 300 200
752/CY 188S ~-3400 ~2100 -2100 1260 - 400 - 300
753/CY 189S -3600 -1900 -2000 1400 - 300 - 300
754/CY 190S -3000 ~1500 ~1400 2000 200 400
755/CY"191S ~3400 ~1900 -2200 1200 ~ 300 - 400

Stage I Ignition (Model 1)

750/CY 186S =~ ~15600 ~1400 -1800 0 - 800 - 800
751/CY 187s -1200 ~1200 -1200 0 0 0
752/CY 188S ~2000 -2000 -1700 0 - 600 - 600
753/CY 189S -2100 -1800 ~1800 0 - 600 - 600
754/CY 190S -1800 -1200 -1200 0 0 -~ 100
755/CY 191sS ~2000 -1900 ~1900 0 - 500 - 700
SRIM Jettison (Model I)
750/CY 186S -1200 ~1500 -1600 0 - 400 - 300
751/CY 187S - 700 ~1000 ~1000 0 200 300
752/CY 188S ~1500 ~1700 ~1700 0 - 500 - 200
753/CY 189S -1200 -1400 ~-1600 0 - 100 0
754/CY 190S - 800 - 900 -1100 0 100 200
755/CY--1918 -1400 ~-1500 -1500 0 - 100 - 300
Stage I Burn (Model VIIT)
750/CY 186S -4900 ~2200 -2200 1000 -1600 -1600
751/CY 1878 -2500 -1100 -1000 500 - 800 - 800
752/CY 188s -5400 ~2200 -2200 1400 ~-1800 -1600
753/CY 189S -4500 -2300 ~2300 600 -1200 -1500
754/CY 190S -2900 ~1200 ~1200 900 - 600 - 600
755/CY 1918 -4500 - =2300 -2400 1300 -1300 -1600

- hm
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| Table A-1, Comparison of Viking 1 and Viking 2 Measured VLCA
i Forces to Preflight Analytical Predicoions (Continued)

Minimum Hax imum
HMember /Meas., No. (Comprosszlon), 1h. - (Tension), lb.

Predicted Viking 1 Viking 2 Predicted Viking 1 Viking 2

Stage I Burnout/Stage II Ignition (Model VILI)

| 750/CY 1868 3100 ~2600 ~2500 2000 300 300
751/CY 1878 -2000 -1300 -1300 1800 100 300 i

L 752/CY 188S -3100 ~2700 ~2500 2100 300 600 *
, 753/CY 189S -3100 ~2500 -2500 1900 400 700
] 754/CY 1908 ~2200 ~1400 -1300 2000 300 300
| 755/CY 1918 ~3000 ~2700 ~2600 2000 600 400 :
]
L Stage II Burnout (Model IV)

750/CY 1868 ~1500 ~1400 -1400 400 0 - 100

751/CY 187S - 600 - 700 - 700 400 - 100 0

752/CY 188S ~2000 ~1400 -1400 400 - 100 0

753/CY 189S ~2400 ~1300 -1500 400 0 0

754/CY 190S ~1400 - 700 - 700 900 100 100

755/CY 1918 ~2400 ~1400 -1600 900 100 200

Centaur MES II (Model I)

750/CY 1868 ~--700 - 700 = 900 0 0 200 *
751/CY 1878 - 400 - 500 - 500 100 0 200
752/CY—188S - 800 - 900 - 900 0 - 0 200
753/CY 189S - 700 - 800 -1000 0 100 200
734/CY 1908 - 500 - 500 - 500 0 0 200
755/CY 191S - 800 -_8C0 -1000 0 100 200
Centaur MECO II (Model IV)
750/CY 1865 -1400 -1600 -1500 1300 400 500
751/CY 1878 - 800 - 800 - 800 900 400 500 ‘
752/CY 1888 -1900 -1600 -1600 1400 600 700 g
753/CY 189S -2100 -1500 -1600 1600 800 1000 E
754/CY 1908 - 700 - 800 - 900 900 300 600 |
755/CY 1918 ~1500 ~1700 ~1900 900 700 900 !

Note: Compression = Negative (-), Tension .=_Positive (+)

All values in the above table have been roundeg_offto +100 1bs.
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APPENDIX B
Comparison of Measured and An. .. i-. “vedicted
Member Forces for the Vova craft

Estimated flight loads for the Voyager spacecraft were obtained by applying
the measured Launch Vehicle/Voyager interface accelerations to the base of the
spacecraft analytical model. The resulting loads are comparable to those
obtained from the launch vehicle/payload composite model under the
corresponding environments.

Since the interface accelerations play a very prominent role in the shock
spectra approach, the flight measurements will be compared with those obtained
analytically from the transient analysis. Figure B-1 shows this comparison
for the launch event. The analytical interface acceleration was obtained by
applying the forcing function representing the lateral overpressure condition
to the Launch Vehicle/Payload composite model. The amplitude of the
analytical interface acceleration is somewhat higher than those of
flight-measured values. However, due to different frequency content, it is
not certain that the analvtical values will produce higher loads. Similarly,
Figure B-2 shows the interface acceleration comparisons for the Stage I
Burnout (STG [ BO) event. Here not only the amplitudes of the analytical and
flight data are similar but also the frequency contents are characteristically
very close. It should be noted that some of the forcing functions used in the
transient analysis are synthesized based on the experiences from the previous
flights, and certain conservatism has been built into these forcing

functions. Yet the resulting analytical interface acceleration is not much
greater than that of the flight measurements.

Next, the flight loads will be compared with the corresponding design loads.

Since only the Stage 0O Ignition (launch) and STG I BO events were considered

in the loads analysis, the comparison will be made by first listing the shock
spectra design loads for the two events, then listing the ratio of flight
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Figure B-1. Interface accelerations for launch

loads to the corresponding design loags as shown in Table B-1. Most of the
design loads are more than twice the flight lecads (the flight

to design load
ratio is less than 0.5),

This confirms the design postulations that the shock
spectra approach will provide conservative loads and in view of the
uncertainties, the conservatism is reasonable. However, it must be emphasized
that the comparisons are made for the launch and STG I BO events only.

Similar comparisons are made for the transient analysis predicted loads as
shown in Table B-2., In this comparison, the ratios of flight to predicted
loads are much larger than the ones in the previous comparison. In fact, some
members have the ratio greater than 1.0 which means that the flight loads are
greater than the corresponding transient analysis predicted loads.

One may
observe that the transient load analysis indeed does provide more ac

curate
loads prediction than that of the shock spectra approach, of course at a
higher cost.

It should also be noted here that the transient lcads analysis

- <My
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Figure B-2. Interface accelevations jor Stage T burnout

Figure B-2.

for Voyager was performed not for the purpose of obtaining the desicn loads

but rather for the verification of the shock spectra loads. Had the transient
loads analysis been used for design purposes, a loads analysis factor would !

have been used to multiply the resulting loads to provide more conservative
design loads.
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Table B-1. Cowmparison of Maximum Flight and
, Shock Spectra Design Loads
Launch Stage I Burnout
Design Flight/Design Design Flight/Design
| Momber (1b) A B (1b) A B
} 71917 1000.0 0.12 0.20 820.0 0.19 0.26
| 0
? e 2171927 980.0 0.11 0.32 770.0 0.24 0.29
i v H
i &S & | 71937 1020.0 0.16 0.35 850.0 0.31 0.23
y T @
l % E | 71947 1020.0 0.22 0.44 990.0 0.23 0.19
— @
T = | 71957 730.0 0.27 0.43 810.0 0.25 0.22
<
b 71967 710.0 0.18 0.31 630.0 0.27 0.28
L
| 80017 790.0 0.34 0.49 620.0 0.77 0.67
S o | 80016 450.0 0.20 0.72 760.0 0.17 0.24
2 c
g~ | 80106 410.0 0.30 0.42 460.0 0.37 0.40
&
~ ¢ | 80107 700.0 0.47 0.61 900.0 0.64 0.58
S £ 180177 670.0 0.48 0.61 740.0 0.74 0.69
w
80176 550.0 0.28 0.63 530.0 0.31 0.21
,4
30007 1750.0 0.31 0.64 2400.0 0.36 0.34 !
s | 30017 1850.0 0.31 0.49 2540.0 0.35 0.34 ?
[
2 | 30027 570.0 0.12 0.21 140.0 0.28 0.34
=
= | 30047 1910.0 0.34 0.61 2650.0 0.37 0.35
o]
& | 30057 1900.0 0.29 0.46 2600.0 ¢.37 0.36
- | 30067 1310.0 0.09 0.34 980.0 0.25 0.39
E...
%1 30077 1320.0 0.19 0.46 1050.0 .30 0.25
30087 450.0 0.12 0.27 200.0 0.28 0.42
|
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(continued)

Launch Stage 1 Burnout

Design Flight/Design Desipn Flight/Design
Moembor (1h) B (1h) A

40501 150.0 0.22 0.50 500.0 0.13 0.13
405i1 450.0 0.26 0.47 750.0 0.25 0.23
g | 40521 530.0 0.27 0.40 830.0 0.28 0.26
2 | 40611 630.0 0.33 .48 1100.0 0.31 0.29
§ 40621 860.0 0.31 0.48 1430.0 0.31 0.30
% 42851 360.0 0.23 0.56 1250.0 0.13 0.11
“ 1 42861 390.0 0.22 0.56 1340.0 0.13 0.11
42881 390.0 0.18 0.52 1280.0 0.12 0.14
48027 620.0 0.27 0 -45 1190.0 0.20 0.22
& 48037 650.0 0.19 0.31 1130.0 0.20 0.20
E § 48047 1040.0 0.35 0.55. 1610.0 0.42 0.39
SE | 48057 570.0 0.37 0.68 1260.0 0.32 0.30
t § 48067 950.0 0.41 0.87 2580.0 0.29 0.27
§ 3| 48077 830.0 0.19 0.29 1420.0 0.18 0.18
48087 580.0 0.36 0.75 1870.0 0.18 0.16
& E 50007 490.0 0.65 0.70 600.0 0.84 0.70
'5 ? 50027 990.0 0.31 0.47 760.0 0.65 0.52
'g‘i 50057 1040.0 0.32 0.39 760.0 0.68 0.57
= 5 50077 400.0 0.73 0.78 530.0 0.88 0.71
68011 5900.0 0.21 0.40 4320.0 0.31 0.18
§ 68021 7060.0 0.16 0.40 4910.0 0.24 0.17
= | 68031 7120.0 0.09 0.18 4520.0 0.29 0.36
% 68041 6870.0 0.09 0.25 5040.0 0.25 0.37
§ 68051 6770.0 0.17 0.40 4880.0 1.32 0.15
£ | 68061 7110.0 0.21 0.51 432C,0 0.37 0.24
% | 08071 6990. 0 0.08 0.21 4890.0 0.26 0.35
= | 68081 5800.0 0.13 0.21 4320.0 0.32 0.34
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Comparison of Maximum
Prodicted Loads

Flight and Transient

LAUNCH MAX a STAGE 1 BURNOUT

Flight Flight Flight

Predicted | Predicted Predicted | Predicted Predicted | Predicted

Member (1b) A B (1b) A B (1b) A B
71917 | 347.6  [0.35 0.58| 344.0 | 0.43 0.70| 212.3  |0.73 1.00
<& 71927 ] 4136 [0.26 0.76| 316.5 |0.33 0.68| 306.7 |0.60 0.73
S | 71937 563.2  10.29 0.63| 360.9 |0.33 0.61| 423.3 |0.62 0.46
£ € | 71947 | s65.5  |0.40 0.79| 396.3 |0.40 0.72| 450.9 | 0.51 0.38
22| 71957 | 492.6  |0.40 0.64| 316.6 | 0.43 0.74| 354.5 | 0.57 0.50
S| 71967 | 313.4  |o0.41 0.70| 269.5 | 0.57 0.81] 144.0 |1.18 1.23
80017 | 493.7 | 0.54 0.78| 450.6 | 0.66 0.81| 489.2 | 0.98 0.85
2 o | 80016 | 192.6 | 0.47 1.68| l64.2 | 0.53 0.79| 169.9 |0.76 1.08
$2 | 80106 | 257.4  |0.48 0.67] 350.1 |0.22 .0.40| 176.7 | 0.96 1.04
o 5| 80107 | 454t |0.72 0.94| 3444|098 1.12]| 610.2 | 0.94 0.86
8080177 ] 343.0  |o.94 1.19| 315.9 | 1.08 1.21| 582.2 |o0.94 0.88
7| sowre | 466.7  |0.35 0.78| asl.s | o0.24 0.26] 326.0 | 0.5 0.3
30007 | 1021.0  |0.54 1.10| 694.2 | 0.80 1.09| 897.4 |0.96 0.9
o | 30017 | 940.3  10.61 0.96| 673.3 | 0.89 1.17| 925.5 |0.96 0.93
S| 30027 | s6.1 |18 2.16| se.8 | 147 2.50| 22,6 |1.74 2.11
= | 30047 {13210 |0.49 0.88| 928.2 | 0.63 0.89|1080.0 |0.91 0.86
2| 30057 [ 1005.0  |o0.54 0.87| 890.9 |0.71 0.91|1083.3 |0.88 0.86
o | 30067 | 592.2 |0.20 0.76| 553.7 | 0.26 0.61] 506.3 | 0.48 0.76
% | 30077 | 770.0  |0.32 0.79| se4.5 | 0.30 0.70| 470.3 | 0.67 0.56
30087 | 124.9  |0.42 0.99| 106.4 | 0.68 1.42| 83.8 |0.67 1.00
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Table B=2. (continued)
LAUNCIH MAX o STAGE 1 BURNOUT
Flight Flight Flight
Predicted | Predicted Prodicted | Predicted Prodicted | Predicted
Member (1b) A B (1b) A R (1b) A B
40501 66.3 0.50] 1.13 59,0 0.57] 0.92| 212.6 0.30| 0.30
40511 | 240.8 0.49| 0.88| 196.4 0.57] 0.77 | 230.2 0.8210.75
§ 40521 | 268.9 0.53| 0.79| 222.6 0.62] 0.82| 305.2 0.76 | 0.71
: 40611 | 341.4 0.61| 0.89| 255.1 0.83( 1.00| 373.4 0.91 | 0.85
§ 40621 | 448.5 0.59{ 0.92| 361.2 0.69| 0.93 | 505.0 0.88 | 0.85
g 42851 | 187.3 0.44] 1.08 97.2 0.64] 0.93 | 394.4 0.411}0.35
42861 | 201.0 0.43]| 1.09| 104.3 0.641 1.10 | 423.1 0.41]0.35
42881 | 178.2 0.390 1.14 | 128.4 0.48| 0.85| 434.0 0.35 0.41
48027 | 291.7 0.57| 0.96| 215.4 0.82| 0.97 | 585.5 0.41 | 0.45
i 48037 | 183.2 0.67| 1.10| 153.8 0.87] 0.961 231.7 0.98 | 0.98
§ § 48047 | 514.8 0.711 1.11} 403.6 1.07| 1.12] 711.6 0.951 0.88
S =1 48057 | 342.3 0.62| 1.13| 233.5 0.97| 1.12| 450.6 0.90 | 0.84
)
t S | 48067 | 734.9 0.53| 1.13| 587.5 0.75| 0.92| 852.2 0.88 | 0.82
)
§ 8| 48077 | 253.8 0.62| 0.95| 253.5 0.72| 0.77| 258.0 0.99 | 0.99
48087 | 366.1 0.57¢ 1.19| 305.0 0.70| 0.90| 775.3 0.43]0.39
, & | 50007 | 338.7 0.94] 1.01| 286.5 1.00| 1.08| 439.9 1.15] 0.96
-E % 50027 | 487.1 0.63| 0.96| 408.2 0.72] 1.01| 435.4 1.14 | 0.91
g & | 50057 | 488.9 0.68| 0.83! 407.0 0.77} 0.95| 467.1 1.11]0.93
é‘? 50077 | 259.1 1.13| 1.20| 233.2 1.14] 1.24 | 395.0 1.18 | 0.95
A

—— e e it
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B-2,

(cont tnued)

LAUNCH

MAX

llq

STACHK

1

BURNOUT

Predicted

Flight

Prodicted

Prodicted

Flight

Predicted

Predicted

Flight

Predictod

Membor (1b) A B (1h) A B (1b) A B
s | 68011 ] 3234.0 0.381] 0.73} 2632.0 0.291 0,49 | 2784.8 0.48| 0.28
g 68021 | 3753.0 0.30| 0.75| 3248.0 0.27} 0.29 ] 3452.7 0.34] 0.24
z 68031 | 2507.0 0.26| 0.51] 2922.0 0.30] 0.55] 1543.0 0.85( 1.05
é 68041 | 2143.0 0.29| 0.801 2798.0 0.26] 0.58 | 1393.0 0.0 1.34
= 68051 | 3398.0 0.341( 0.80 3087.0 0.27 ] 0.30{ 3321.9 0.471 0.22
.§ 68061 | 3774.0 0.40| 0.96] 3188.0 0.24 1 0.45] 3434.0 0.47} 0.30
é 68071 | 20%6.0 0.2710.711 2944.0 0.23]0.56 | 864.3 1.47] 1.98
~ | 68081 | 2038.0 0.37] 0.60} 2335.0 -0.35] 0.57 | 1320.0 1.05§ 1.11
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APPENDIX C

Compairison of Acceleration Levels Obtained
Using the Generalized Shock Spectra Method
To Those Obtained From the Mass Acceleration Curve

Figure C-1 shows the comparison of acceleration levels obtained from the mass
acceleration curve to those obtained from the generalized shock spectra method

for two spacecraft, Galileo (GLL) and the International Solar Polar Mission
(ISPM) spacecraft,
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APPENDIX D

A Sample Problem for the Recovered
Transient Analysis

e e

The proposed payload transient analysis technique will be demonstrated on a
realistic complex structural system, namely, the International Solar Polar
Missior (ISPM) spacecraft. The ISPM consists of two separate spacecraft, one
3 sponsored by NASA and the other by the European Space Agency (ESA). Figure
D-1 shows the schematic of the ISPM spacecraft with the major structural
components identified. Table D-1 contains the descriptions of the
mathematical model.
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Table D-1, ISPM Tindtoe Flement Model]

NASA S/C . ESA S/c Total
Number of Grid Points 112 - 122 234
Number of Static Degrees of Freedon 400 430 830
Numbaer of Finite Elements 298 221 519
Number of Dvnamic Degrees of Frecdom 150 87 237
Number of Vibration Modes of Interest 51 84 135
Number of odos Retained - Loads Analysig 40
Frequency 143 1z

The two spacecraft will be launched in tandem from a single shuttle/Inertia]
Upper Stage (IUS) in early 1983 to conduct scientific explorations in the
Sun's polar orbit, approximately 90° from the ecliptic plane. The space
shuttle launch vehicle configuration consists of the orbiter, external oxygen,
and hydrogen tank (ET), and two solid rocket boosters (SRBs). For
1nterp]anetary trajectories, an IUS is included for additional propulsion for
payloads to reach distant planets, Figure D-2 shows the ISPM/Shutt]e/IUS
composite -system in the 1ift-off configuration. The Toad conditions based on
which the shuttle structural system is designed are numerouys such as the
lift-off, high of boost, SRB burn, SRB staging, orbiter main engine burn,
orbiter main engine cutoff external tank Jettison, Space operation, entry and
descent, TAEM (terminal area energy management), Tanding approach and varioys
abort conditions. However, for the payload structure design it was found that
the Tift-off and abort landing events are of importance. In the sample
problem onl, the 1ift-off environment will be considered.

Prior to the ISPM project, another planetary Spacecraft, Galileoy (GLL), has
been designed to be Taunched by the identical Shuttle/IUsS launch vehicle
system. The Shuttle/IUS/Galileo composite model has been analyzed for the
dynamic environments representing the 1ift-off and abort using a simplified
GLL model. The results of the analysis will be used as described in Section
IV.B.1 and IV.B.2 for the analysis of the Shuttle/IUS/1SPM system. The first

-




~-39.

EXTERNAL TANK ——# ‘:l:

SOLID ROCKET
BOOSTER (2) —

-~ SPACECRAFT
DYNAMIC
ENVELOPE

o ESA S/C
‘ / — NASA §/C

/

\-— IUs

3STAGE

Figure D-2. STS/IUS with 1SPM payload

composite system, Shuttle/IUS/ Galileo, is represented by 150 normal modes at
Eﬁe interface DOF and their corresponding frequencies, i.e., ¢1 | and

w |- The modal response time histories {q(t)} were also available, The
cantilevered ISPM model is represented by 40 normal modes and their
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corresponding frequencies, i.e., [52] and [\&%\]. A constant modal

damping cycle c/cC = 0.01 is assumed for all the modes, First, a mini

loads analysis, in which tne ISPM model will be subjected to a base motion
obtained from the IUS/Galileo interface acceleraticns, will be performed. The
mini loads analysis is similar to the rigid body interface acceleration method
of Section IV.B.1 without the correction term for the elasticity of the
spacecraft, The results will be compared with the recovered transient 1
f analysis., The comparisons will be made on the member loads of the selected
components,

1 Figure D-3 shows the IUS/Galileo interface acceleration for the 1ift-off

’ condition. These accelerations have been used as forcing functions for the
mini loads analysis. Since the ISPM spacecraft is in the same class as that
of the Galileo spacecraft, the approximate dynamic environment for the ISPM
can be estimated from Figure D-3. In this case, approximately a three G peak
acceleration will be experienced at the base of the ISPM spacecraft in the

L longitudinal direction and two G peak acceleration in the lateral direction.
Tahle D-2 shows the loads obtained by the recovered transient method for the
NASA/ES” spacecraft adapter truss. The comparison of these loads to those
obtained hy the mini loads analysis shows that reasonable agreement has been
achieved. Since the spacecraft adapter truss consists of structural members
connecting the two spacecraft, the loads are mainly derived from the Tow
frequency motion of the interface. Therefore, it is not surprising that the
mini loads analysis predicts the loads accurately. However, for the
structural memhers dominated by the high frequency local motion, the
discrepancies between the results of these two analyses can be substantial.
Figure D-4 shows.the time histories of the loads obtained by a mini loads
analysis and recovered transient analysis for a RCS thruster outrigger. These
loads are order of magnitude different from each other.
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